Postprandial hyperglycemia is a risk factor for cardiovascular diseases. It has been reported that intragastric administration of allyl isothiocyanate (AITC), which is one of the pungent ingredients of wasabi and horseradish but it is not included in hot chili pepper, increased carbohydrate oxidation and reduced postprandial increase of blood glucose via transient receptor potential vanilloid 1 (TRPV1) in mice. However, the action site of AITC on TRPV1 for increasing carbohydrate oxidation is unclear. Both mammalian and chicken TRPV1 (cTRPV1) are activated by heat and acid, but unlike its mammalian counterpart, cTRPV1 is only faintly activated by capsaicin. This difference is due to the 8 chicken-specific amino acid residues around transmembrane 3, which is the main site of capsaicin-binding in rat TRPV1. Moreover, AITC-induced activation of mouse TRPV1 (mTRPV1) is largely dependent on S513, a residue that is involved in capsaicin-binding. Thus, we hypothesized that the increase of carbohydrate oxidation by AITC in mammals is induced by the binding of AITC to the capsaicin-binding site of TRPV1. In this study, we performed a comparative study using chickens and mice, since chickens are thought to partly lack the capsaicin-binding site of TRPV1. We examined the effects of AITC on the respiratory quotient (RQ), the index of carbohydrate oxidation and fat oxidation, in chickens and mice. Respiratory gas analysis revealed that AITC does not increase the RQ in chickens, and Ca 2+ imaging methods and a whole cell-patch clamp analysis showed that AITC does not activate cTRPV1. These results implied that the capsaicin-binding site is an important region for increasing carbohydrate oxidation by AITC administration in animals.
Controlling the blood glucose is important for the prevention and amelioration of type II diabetes and obesity. Recent studies have reported that postprandial hyperglycemia and hyperlipidemia are risk factors for cardiovascular diseases (5, 8) . For reducing postprandial blood glucose, a widely used approach is to inhibit carbohydrate absorption by inhibiting digestive enzymes such as alpha-glucosidase (12) . However, there is another approach that increases carbohydrate oxidation during the postprandial phase. Mori et al. reported that the intragastric administration of allyl isothiocyanate (AITC), which is one of the pungent ingredients of wasabi and horseradish but it is not included in hot chili pepper, increased carbohydrate oxidation and reduced the increase of blood glucose after exogenously administrating glucose in mice (6, 7) . Thus, AITC is expected to be a candidate drug for inhibiting the increase of postprandial blood glucose. Although Mori et al. also elucidated that AITC increases carbohydrate oxidation via the cation channel, transient receptor potential vanilloid 1 (TRPV1) (6) , the TRPV1 site with which AITC interacts to increase carbohydrate oxidation is unclear. Due to its pungency and fragility, AITC is not considered readily applicable as a com-Food (Powerlayer17Y; JA Kitakyushu Kumiai Shiryo, Fukuoka, Japan) and tap water were freely available in the box brooder. All animals were allowed to adapt to the laboratory housing for at least 1 week before experiments. The study was carried out according to the Guide for Animal Experiments issued by Kyushu University, the Law Concerning the Human Care and Control of Animals (Law No. 105; October 1, 1973) , and the Japanese Government Notification on the Feeding and Safekeeping of Animals (Notification No. 6; March 27, 1980) . Solutions. AITC was purchased from ChromaDex (Irvine, CA). AITC was diluted in saline containing 3% ethanol and 10% Tween 80 for respiratory gas analysis in vivo. Other chemicals were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), Sigma-Aldrich (St. Louis, MO), or Nacalai Tesque (Kyoto, Japan).
Respiratory gas analysis. The mice or chicks were kept individually in an acrylic chamber (width 120 × height 150 × depth 240 mm) for 3 h before the administrations to acclimate them to the experimental environment. The mice and chicks were prohibited access to food 3 h and 12 h before the administration, respectively. Each animal had free access to water during the period in the acrylic chamber. The solutions were intragastrically administered through a gastric tube, and the expired air was analyzed. The RQ was computed on the basis of oxygen consumption (VO 2 ) and carbon dioxide production. Gas analysis was performed using an open circuit metabolic gas analysis system connected directly to the mass spectrometer (ARCO-2000; Arco System Inc., Chiba, Japan). Room air was pumped through the chambers at a rate of 0.3 L/min. Expired air was dried in a cotton-thin column and then directed to an O 2 /CO 2 analyzer for mass spectrometry.
Cell culture. Human embryonic kidney (HEK)-derived 293T (HEK293T) cells were maintained in Dulbecco's modified Eagle's medium (DMEM high glucose; Wako) containing 10% fetal bovine serum (FBS; GE Healthcare, Buckinghamshire, UK), and penicillin-streptomycin solution (×100) (Wako) at 37°C in 5% CO 2 .
Ca 2+ imaging. For the Ca 2+ imaging experiments, HEK293T cells were transfected with either empty vector pcDNA3.1(+), mTRPV1/pcDNA3, or cTRPV1/ pcDNA3.1(+) by using ScreenFect™A (Wako). We seeded cells in a 96-well clear bottom plate (Corn-mercial drug or supplement. However, if the action site of AITC on TRPV1 could be identified, it would be possible to develop a more stable and non-pungent drug acting on the same site. TRPV1 has six transmembranes, and is a non-selective cation channel. TRPV1 is activated by heat (43°C >), acid (H + ), and capsaicin, which is the pungent ingredient of hot peppers (1) . Interestingly, while both mammalian and chicken TRPV1 (cTRPV1) are activated by heat and acid, mammalian TRPV1 is highly activated, but cTRPV1 is only faintly activated, by capsaicin. This difference is due to the 8 chicken-specific amino acid residues around transmembrane 3, which is the main site of capsaicinbinding in rat TRPV1 (4) . Indeed, chickens have been shown not to avoid pungent red pepper in a feed intake test (2) . Moreover, it has been reported that AITC-induced activation of mouse TRPV1 (mTRPV1) is largely dependent on S513, a residue of transmembrane 3 involved in capsaicin binding although this serine residue is conserved in cTRPV1 (3, 4) . Thus, we hypothesized that the increase of carbohydrate oxidation by AITC in mammals is induced by the binding of AITC to the capsaicin-binding site of TRPV1. To verify this hypothesis, we herein performed a comparative study using chickens and mice. Because chickens are thought to partly lack the capsaicin-binding site of TRPV1, we examined whether AITC increases carbohydrate oxidation in chickens. The results of our respiratory gas analysis showed that AITC does not increase carbohydrate oxidation in chickens, and Ca 2+ imaging methods and the whole cell patch-clamp analysis revealed that AITC does not activate cTRPV1.
MATERIALS AND METHODS
Animals. Four-week-old male C57BL/6J mice (Charles River Laboratories Japan Inc., Yokohama, Japan) and 0-1-week-old White Leghorn chicks (Murata Hatchery, Kurume, Japan) were used in this study. We used young chicks rather than adult chickens because young chicks are easy to collect respiratory gas, and TRPA1 and TRPV1 are already expressed in sensory nerves of young chicks (4, 9) . Mice were housed in standard cages (33 × 23 × 12 cm 3 ) under controlled temperature (23 ± 0.5°C), humidity (around 50%), and lighting (light on from 19 : 00 to 7 : 00) conditions. Food (MF type; Oriental Yeast, Tokyo) and tap water were freely available in the cages. Chicks were raised in a box brooder (Showa Furanki, Saitama, Japan) under controlled temperature (25-30°C) and lighting (light on from 5 : 00 to 19 : 00). tivity to the TRPV1 activator, low extracellular pH. Data were collected by using a HEKA PC-10 amplifier with HEKA Patchmaster software (HEKA Elektronik, Lambrecht/Pfalz, Germany). The membrane potential was clamped at −60 mV in the whole-cell configuration. Patch-clamp experiments were performed at room temperature.
Statistical analysis.
Values are expressed as the means ± SE. The respiratory gas analysis data was analyzed by two-way repeated-measures ANOVA to detect time × group effects. Comparisons of groups at the same time point were analyzed by unpaired t-test. The Ca 2+ imaging data was analyzed by Tukey-Kramer test. Statistics were calculated with a StatView software package (Windows Version J 5.0; Abacus Concepts, Berkeley, CA) or a IGOR Pro software package (Version 6.34J; WaveMetrics, Portland, OR); differences were considered statistically significant at P < 0.05.
RESULTS

Effects of AITC on energy expenditure in mice and chickens
In mice, the administration of AITC (50 mg/kg) significantly increased the RQ for 90 min after administration, indicating an increase in carbohydrate oxidation (Fig. 1B) . VO 2 was not affected by AITC (Fig. 1A) . These results were identical to the findings in the previous report (6) .
In chicks, none of the AITC administrations (50, 25, or 5 mg/kg) elicited a change in the RQ (Fig. 2B , D, F), while VO 2 was significantly reduced by the high-dose AITC administrations (50 and 25 mg/kg) ing, Lenexa, KS) coated with poly-D-lysine (0.1 mg/ mL) after transfection. Forty-eight hours after transfection, we loaded 100 μL of 5 μM Fura 2-AM solution per well. Fura 2-AM solution was prepared according to the manufacturer's manual for the Calcium Kit II-Fura 2 (Dojindo Laboratories, Kumamoto, Japan). After incubation for 1 h in the dark at 37°C and 5% CO 2 , calcium imaging was done using an Infinite ® 200 PRO microplate reader (Tecan Group, Männedorf, Switzerland). A standard bath solution contained 140 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES and 10 mM glucose at pH 7.4, adjusted with NaOH. The assay was done at about 25°C, and 0.3-30 mM AITC solution diluted by the standard bath solution was applied. Cell activity was analyzed by the differences between R max (the max value of the ratio of fluorescence intensity at 340 nm and 380 nm) after stimulus and R 0 (the initial value of the ratio) before stimulus.
Electrophysiology. For whole cell patch-clamp recordings, HEK293T cells were transfected with either mTRPV1/pcDNA3 or cTRPV1/pcDNA3.1(+) and EGFP/pCAGGS by using ScreenFect™A (Wako) on coverslips coated with poly-D-lysine (0.1 mg/mL). After transfection, the cells were incubated for 24-48 h at 37°C and 5% CO 2 . The coverslips were mounted in a chamber connected to a gravity flow system to deliver the stimulus. AITC was applied by running a bath solution containing 3 mM AITC. We also made an acidic bath solution buffered to pH 3.8 with 10 mM MES for acidic stimulus. The pipette solution contained 140 mM KCl, 5 mM EGTA, and 10 mM HEPES at pH 7.4 (with KOH). Transfected cells were identified by EGFP expression and sensi- ferences between cTRPV1-expressing cells and mock cells. These results suggested that AITC activates mTRPV1 but not cTRPV1.
Responses of mTRPV1 and cTRPV1 for AITC in whole cell patch clamp tests
In the whole cell patch clamp tests, a transient whole cell inward current was elicited by 3 mM AITC stimulus in mTRPV1-expressing HEK293T ( Fig. 2A and C) . These results suggested that AITC did not affect carbohydrate oxidation in chickens.
Dose responses of mTRPV1 and cTRPV1 for AITC in Ca 2+ imaging
By using Ca 2+ imaging methods, we analyzed the dose-dependency of AITC for mTRPV1 and cTRPV1. AITC significantly activated mTRPV1 dose-dependently ( Fig. 3) . However, there were no significant dif- cTRPV1 currents (Fig. 4C) . These results were consistent with the results of Ca 2+ imaging (Fig. 3) . Because we confirmed the inward currents by acidic stimulus (pH 3.8) after AITC stimulus in both cells, these cells were thought to express TRPV1.
DISCUSSION
In this study, we compared the AITC-induced changes in carbohydrate oxidation between mice and chickens. First, we found that cTRPV1 was not activated by AITC in both of the Ca 2+ imaging analysis and the whole cell patch clamp test. Moreover, AITC administration did not increase carbohydrate oxidation in chicks. On the other hand, carbohydrate oxidation was increased by AITC in mice, which was identical to the findings in the previous report (6) . These results suggested that AITC does not increase carbohydrate oxidation in chickens because AITC is not a cTRPV1 agonist. In this study, we used chickens as an animal model partly lacking a capsaicin-binding site in TRPV1. It was presumed that AITC increases carbohydrate oxidation by binding to the capsaicin-binding site in TRPV1 in mice. In this study, since VO 2 was significantly reduced by AITC in chicks, it was possible that chickens detected the pungency and painful stimulus by AITC via receptors other than TRPV1. Since Saito et al. cells (Fig. 4A ). On the other hand, in the cTRPV1expressing cells, no inward currents were observed in response to 3 mM AITC (Fig. 4B ). There were significant differences between the mTRPV1 and Fig. 3 The dose response analysis of AITC solutions in mock cells, mTRPV1-expressing cells, and cTRPV1-expressing cells by Ca 2+ imaging. AITC significantly increased the cytosolic Ca 2+ concentration dose-dependently in HEK293T cells expressing mTRPV1. Mock cells and cTRPV1-expressing cells were not activated by AITC. Values are the means ± SE of four wells. Bars without a common letter differ significantly, P < 0.05 by Tukey-Kramer test. duces postprandial blood glucose via TRPV1 (7) , the action site of that effect, which is both a capsaicinbinding and AITC-binding site, will be a developmental target of new drugs for reducing postprandial blood glucose. Gees et al. reported that the mutant mTRPV1 S513Y exhibited a reduction of AITC-induced currents, although these currents were not completely absent (3). Thus, it is possible that there are other AITC-sensitive amino acids in addition to S513 in TRPV1. If several AITC-binding sites of TRPV1 could be found, these sites might also become targets for anti-hyperglycemia. Indeed, new drugs targeting these sites could overcome the problems of pungency and fragility that render AITC problematic as an anti-hyperglycemia drug. Therefore, a search for drugs with the ability to increase carbohydrate oxidation via TRPV1 without the pungency of AITC is merited.
In summary, we found that the increase of carbohydrate oxidation by AITC is not induced in chickens, but specific to mice. We also found that cTRPV1 is not activated by AITC, and it was presumed that a dysfunction of cTRPV1 may be involved in this phenomenon. Collectively, these results suggest that the regulation of carbohydrate metabolism via TRPV1 is a recent acquisition of mammalian TRPV1.
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reported that AITC activates cTRPA1 (9), the decrease of VO 2 observed in this study may be involved in the decrease of locomotion by pain via TRPA1. Indeed, we observed that some chicks closed their eyes shortly after oral administration of AITC (data not shown). Because we did not observe such eye-closing behavior in response to vehicle administration, it is possible that AITC causes pain in chickens, and further studies will be needed to examine this possibility. TRPA1 and TRPV1 are one of the thermosensitive transient receptor potential (thermoTRP) channels, and thermoTRP channels are activated by temperature as well as other physical and chemical stimuli in diverse animal species (10) . Interestingly, the temperature and chemical sensitivities among orthologous thermoTRP channels vary among species. For example, TRPA1 from humans, mice, and chickens is highly activated by methyl anthranilate that is a bird repellent, while TRPA1 from green anole lizard and western clawed frogs is weakly activated (9) . Furthermore, TRPV1 from humans, mice, rats, and dogs is strongly activated by capsaicin, but TRPV1 from rabbit and chickens is weakly activated by capsaicin (10) . In this study, we showed that mTRPV1 is activated by AITC but cTRPV1 is not activated by AITC. These results indicate an example of TRPV1 diversity among species. In this study, although AITC administration decreased VO 2 in chickens, AITC did not affect VO 2 in mice. Two reasons are assumed to illustrate the differences. One reason why total VO 2 was not changed by AITC administration in mice is that AITC enhanced carbohydrate oxidation but decreased fat oxidation at the same time (data not shown). The other reason is thought to be the effects of pain by AITC. It is possible that pungent stimuli of AITC may decrease physical activity and exercise-dependent VO 2 while AITC increased non-exercise-dependent carbohydrate oxidation and VO 2 via TRPV1. It is thought that total VO 2 was not changed in mice because AITC may have opposing effects on energy expenditure like the two mechanisms. Because circulating concentrations of glucose are much greater in both poultry and wild birds than in mammals (11) , the deficit of TRPV1-dependent carbohydrate metabolism revealed in this study may be involved in the hyperglycemia in birds. Although it is presumed that mammals obtained TRPV1-dependent carbohydrate metabolism through an evolutionary process, further studies will be needed to elucidate the physiological meaning of this acquisition. Because intragastric administration of AITC re-
